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Abstract 

We consider a process of quasielastic e\x large-angle scattering at high energies with 

radiative corrections up to a two-loop level. A lowest order radiative correction arising 

both from one-loop virtual photon emission and a real soft emission are presented to a 

power accuracy. Two-loop level corrections are supposed to be of three gauge-invariant 

classes. One of them, so called vertex contribution, is given in logarithmic approximation. 

' Relation with the renormalization group approach is discussed. 
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& • 1 Introduction 

a: 

Ph! Certain interest to the physics envisaged at electron-muon colliders is now surging up. The 
main attention will be paid to the investigation of rare processes, for instance to those which 
violate the lepton number conservation law. Another motivation is a test of the models 
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alternative to the SM The problems of calibration and precise determination of luminosity 
will be important. To this end the process of quasi-elastic electron-muon scattering could be 
used. 

Processes of quasi-elastic and inelastic large-angle e/i scattering (EMS) play an important 
role in the luminosity calibration at electron-positron colliders. Indeed they have a clear 
signature: scattered leptons moving almost back-to-back (in the center-of-mass (cms) reference 
frame) and sufficiently large cross section (9- cms scattering angle ), 

^1 ~ 200 nb cose ~ 1 (i) 

d^ e - S (GeV 2 )' costj ~ 2 - [i) 

The modern experimental requirements to the theoretical accuracy are at the level of per 
mille or even less whereby demanding for a detailed knowledge of the nonleading terms in 
two-loop approximation. Some of them have been recently calculated in a series of papers M 
devoted to the study of large-angle Bhabha scattering. The contribution of elastic genuine 
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two-loop virtual correction to the Bhabha amplitude has been recently performed |J using 
the prescription developed in 0] how to handle singular terms in QCD at two-loop level. 

In this paper we consider the EMS process to a two-loop approximation. We are interested 
in the contribution to the cross section at this level which is given by the interference of Born 
amplitude and those that take into account the two-loop virtual corrections to the former. 
An attempt to this problem was done in a series of papers || where a direct calculation was 
performed, but unfortunately their result is incorrect even in the part containing infrared (IR) 
divergence. Another set of papers (see for example 0) was devoted to the calculation of 
two-loop Feynman amplitudes within a dimensional regularization scheme. Once again their 
results cannot be straightforwardly applied to the real amplitudes of e/z large-angle scattering. 
One of the reasons is the requirement of distinguishing different masses of interacting particles. 

Here we will consider only virtual and real soft photon contributions to the cross section 
of efi scattering. To a third order of PT there exist three sets of contributions, each of which 
is free of IR singularities. They include the contribution coming from the one-loop virtual 
photon emission corrections (see Fig. [I]) and the one given by a soft photon emission (see 
Fig.|a). 




Figure 1: First order contributions. 

To a fourth order there in overall are four IR-free sets. One of them, dubbed vertex, 
contains virtual corrections up to a second order of PT to the lepton vertex function and 
relevant inelastic processes with emission and absorption of real soft photons and lepton pairs 
by initial and scattered electron (and the same for muons). We use here the known expression 
for the lepton vertex function up to a fourth order of PT 0]. These along with the contribution 
coming from the emission of two real soft photons and soft charged lepton pair is our primary 
concern in the present paper. As well we consider a contribution to the vacuum polarization 
caused by hadrons and a soft real pion pair production. 

Three additional gauge invariant contributions are described by the one photon exchange 
containing lepton vertex functions with account for the vacuum polarization (VP) and box- 
type FD with a self-energy insertion into the one of the exchange photons' Green function. 
They are put aside for a separate consideration. 

Quasielastic means a process with emission of final particles in a center-of-mass (cms) 
reference frame almost back-to-back. Final particle's energies up to a small value Ae <C s 
coincide with those of initial particles. This disbalance is due to a possible emission of soft 
photons and pairs. 

We start by giving the results for the Born differential cross section and first order cor- 
rections. The latter contains radiative corrections (RC) due to emission of virtual photons at 
one-loop level and emission of an additional soft photon. Those contributions suffer from IR 
divergence that mutually cancel out upon summing them up. 

An outcome of the calculations agrees with the renormalization group (RG) prediction in 



2 









/ 



Figure 2: Some of V-type second order contributions. 



the leading logarithmic approximation (LLA): 



a 

-pt ~ 1, 

TT 



a 

-< 1, 

7T 



da 



Pt = In 
dcr 



-I>1 



1 1 — n(t) | 2 A ' 

with T>a is the A-part of non-singlet structure function of lepton || 

00 / a \ n 



3 ia = 21nA + -, 

A = ^«l, 

e 



P 2A = (j21nA + -J -4C 2 , 



(2) 



(3) 



where pt is a so-called large logarithm, t is the kinematical invariant and m e , m M — masses of 
the leptons. 

Besides we put the explicit form for the nonleading terms and present the result of lowest 
order RC calculation to a power accuracy, 



..am \ 



(4) 



Our calculation of a second order contribution is done in the logarithmic approximation. We 
keep all the logarithmically enhanced terms including those containing logarithms of a mass 
ratio, and omit the terms of order 0(1). 

Doing RC in the fourth order of PT we consider three separate gauge-invariant contri- 
butions. We label them vertex contributions, decorated boxes and eikonal types. The last 
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two take into account the amplitudes with exchange between electron and muon enhanced by 
additional one or two virtual (or real soft) photons as well as virtual (real soft) pair. Their 
contributions will be given elsewhere. 

The first set of Feynman diagrams (FD) is that of the vertex type with RC to a second 
order (Fig. |2|). It produces a contribution containing fourth power large logarithms along 
with the IR divergent terms. Combining these with additional contributions coming from the 
emission and absorption of one and two soft photons by either of the lepton lines results in 
the cancellation of fourth and third power of large logarithms as well as all of IR divergent 
terms. The result is found to be in agreement with RG predictions. 







Figure 3: Some of the soft photon contributions: the diagram (a) corresponds to a first order 
RC; in (b) a filled circle denotes vertex one-loop RC; (c,d,e) represent an emission of two soft 
photons; (f) a soft pair production. 



Our paper is organized as follows. After some introductory remarks we start with discussing 
a first order contribution to the cross section of the process in Sec. |2|. In Sec. [3.1| RC coming 
from the vertex diagrams to a a 4 order of PT are considered. Section |3.2| is devoted to the 
study of the vacuum polarization effects including hadronic contribution to the vertex FD. In 
Sec. |3| we give the contribution due to the emission of one and two soft photons as well as 
a soft pair for the cases of emitted (absorbed) leptons with equal and different masses. In 
conclusion we summarize and recapitulate the results obtained. 



2 Born cross section and lowest order RC 

Let's remind that here we are concerned with large-angle high-energy e/i scattering, 

e~(pi) + //~(p 2 ) -> e~(pi) + n~(p' 2 ), 

2 '2 2 2 '2 2 

Pi = Pi = m ei P2=P2 = "V 

with the kinematical invariants s,t,u much larger than the lepton mass squared, 

s = (pi+p 2 ) 2 , t = {p l -p' l ) 2 = -£(l_ c ), u={ Pl -p' 2 ) 2 = -t(l + c ), 



(5) 
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where c = cos(p 1 ,p' 1 ) is a cosine of the scatter angle in cms (in what follows this reference 
frame is implied). The differential cross section in the Born approximation has a form, 

da = -BdV, fi = £|M | 2 = 8(47ra) 2 — (6) 

1 dVid 3 p2, 4 / , , , dtt e 

dl = -; ttt (Pi + P2 — Pa — Pr>) = — ; r^- 

(2tt) 2 2ei 2e 2 yF F Fl F2! 8(2tt) 2 



And then we can write, 

Hern n> 2 .s 2 -l- ti 2 i 

1 + 



da _ a 2 s 2 + u 2 \ /m 2 / 



<m e 2s t 2 

The lowest order RC comes from the emission of virtual (one-loop correction) and real 
photons. The one-loop RC is classified out into the three distinct sets. One of them is related 
with a vacuum polarization insertion into the propagator of a photon exchanged between 
leptons. It could be taken into account as follows, 



da \ duo 



(7) 



\dn e ) dn e |i -n(t)| 2 ' 

oo „ 

c- /x a /" dM^. ir ,. £ , -£ 

*«(«) = SF / mtK(*'')^. '« = to ^ = « + ' 

4m,2 

L t = In— = p t -L, L = \n— . 

In the above the quantity M 2 denotes a square of hadron invariant mass in a process ee — > h, 

r2 , (Jee^h(M 2 ^ 



TZ(M ) = ee ^ rev 7 , (8) 



is the known ratio of the single-photon annihilation cross sections with hadron and muon pairs 
produced. 

Another set of one-loop RC contains vertex function (we remind that only the Dirac form 
factor of the vertex function works within power accuracy quoted in Eq. @): 



[VM)V„(L,)]\ (9) 



with lowest order Dirac form factors of leptons (see [|7|]): 



V e {k) = l + -/f ) (i t ) + Vi (4) W + -> V»(L t ) = V e (l t ^L t ), (10) 
f?\k) = /A(l-/ t )-l + ^-^ 2 + ^C 2 , ^ = ln^. 
Here A is a fictitious photon mass. It's convenient to present fi (l t ) as a sum of two ingredients 
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one of which f vp contains QED vacuum polarization effects (it will be specified in section |3.2| ) 
and the second term, 
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32 



16 



32 



21 3 3 , 
32 " 8 G + 2 Cs ' ** 



(12) 



+ -iliit-if-Uk 



1) 



1,2 3, . I 



^ + -i t - 1 + -C 2 ) + 0(1) , Cs ~ 1-2020569 . 



A contribution due to the Pauli form factor is neglected for it is proportional to a lepton mass 
squared. Remaining one-loop RC is associated with the interference of the Born amplitude 
with those containing two virtual photons exchanged between lepton lines. 

A real photon emission could as usual be distinguished into a soft (u < Ae <C e) and a 
hard (u > Ae) regions regarding photon energy. For the quasireal case only a soft region is of 
relevance: 

-Aira r d 3 k 



da, 



oft 



(27T) 



2oj 



R(k)=Q P r+Qr, 



uj = VP + A 2 < Ae, 



QPP' = P__P_, 

///,• pk 



(13) 



Let's put some useful formulae for the description of a soft photon emission. We imply 
the cms reference frame of initial particles, which means that the values of 3-momenta of any 
particles (we consider e/i elastic scattering) are equal. 

First we give the expression for a single soft photon emission referred to 



6?v 
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4tt 2 
2a 
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with a dilogarithm function 
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_ Pi \ 




1 UJ 


\p[k 


Pik) 


uj<As 



(/ 4 -l)(lnA + / A ) + i / 2 -C 2 



1 T . 

-Lio 

2 



1 + c 



(14) 



Li 2 (z) = - f — \n(l-x 
J x 



By a proper squaring of this formula one can easily derive the quantity Sff, (see formulae ( |2"T| ) 
and (|2D) . 

The IR free contributions to lowest order RC from two sets containing Dirac form factors 
of the leptons along with the relevant contribution coming from a soft photon emission could 
be cast into the following form, which is in agreement with a structure function approach, 

daW 



a , 



i + -[s», + 2f[ 2 \i t ) + e, + 2fr\L t )\ 



(2), 



da 



7T 
7T 



(15) 



2(p t -l)(21nA + - 



2C 2 - 1 + 2Li 2 



1 + c 



After accounting for a soft photon contribution 8^ 2 , , 8^, as well as interference of the Born 
and box- type FD we obtain (details of lowest order box FD contribution can be found in H): 



da 



da <^ 1 + 



a 



7T [1 — n(*)|= 



p t (41nA + 3) - 41nA-4-2C 2 + 2Li 2 
6 



1 + c 



+ K 



K 



a 



- { L us (4 In A + L st + L ut ) + 2Li 2 



7T 

S — U 



1-C 



+ 



s 2 + u 



u s 



(16) 
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(6C2 + L% + L 



at J 



■ist 



In 



J ut 



In 



u 



In 



-u 



1 1 1 1 " 

-t t s 

The factor K represents a sum of elastic Born-box amplitudes and corresponding inelastic 
contributions. The expression for the cross section given above is in agreement with predictions 
expected from RG considerations. 

The LLA expression for the EMS cross section can be brought to the form of a Drell-Yan- 
like process written in terms of structure functions: 



da 



doo 



li-iW 



2tt 



2 r 



'a(t) 
2vr 



n 2 



(17) 



with the non-singlet structure functions 

V A {z) = 1 + zP 1A + \z 2 P 2A + ... + -.z n P nA + ... 

Here P nA is the 11 th iteration A-part of the kernel of evolution equations: 

1 



P n (y) 



/dx 
—Pi(x)P n 



-1 



n > 2, 



1 + y 2 



16 



P 



26 



1 + y 2 
i-y 



y 2 



+ -(l + y )\ny-(l-y). (19) 



Explicit expressions for P± A ,P2 A are given above in (0). Parameter A (A < 1) can be 
interpreted as energy fraction carried by soft real photons and pairs escaping detectors. a(t) 
is the running QED coupling constant a{t) = a/(l — f^t)- 



3 Second order RC 

These can be represented as a sum of several sets each of which depending on a choice of 
gauge with respect to virtual as well as real photons. We consider FD describing elastic 
scattering with vacuum polarization effects included and furthermore with account for a soft 
pair production. They are related with the one photon exchange FD both for elastic and 
quasi-elastic processes and could be specified by the emission of two more (either virtual or 
real) photons out of the same lepton lines. 

A keystone to this classification is a soft photon radiator cross section. In case of only one 
soft photon emitted it gets the form, 



1 dtt e ,.^,,,,2, d 3 k 
d ^o f t = ^- W7 ^-A6j2\M\ 2 



8s8(2tt) 5 > soft 2u 



(20) 



(5j2\M\ 2 )soft = 2$teY / M*M( l \-4na)R 2 (k). 
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For the two soft photon emission (for instance by electron block) we have 

1 , . ,9 d 3 fci d 3 fc 2 



da ss = d(x — (-Ana) 



2wi(2vr) 3 2lu 2 (2it) 



KC Pl )W 2 ) 2 



2u x 2uj 2 



<A 



(21) 



For the case of emission of two soft photons provided that their total energy does not 
exceed Ae <C e we have, 



d 3 fci PiPj 



d 3 fc 2 



PlPr, 



wi+k)2<Ae 



Pih-pjki J lo 2 Pih-Pmh_ 
In the above the following integrals are defined, 

d 3 fc! 



(ai In A + b x )(a 2 In A + b 2 ) - (22) 



Ui Pih -Pjh 

2 PlPm 

u 2 Pih ■ Pmh 



d 3 k 



oji<As 



ai In A + bi, 



a 2 ln A + b 2 . 



The general structure of all the above contributions to the differential cross section reveals 
a presence of large logarithms up to a fourth power. However in overall sum one observes 
only their second powers. Such a cancellation is characteristic of each gauge invariant set of 
corrections. 



3.1 Vertex graphs 

Three gauge invariant groups of FD containing one photon exchange contribute 

da v a 2 , 



[a i + ai + a 2 . (23) 



The quantity 5i is related with the emission of two (virtual and real) photons out of a muon 
line: a\ = a\(lt — > L t ). 

Using results given in Eq. (|T2|) for the electron Dirac form factor up to a fourth order of 
PT [], the following IR singularities free contributions to the matrix element squared from one 
photon exchange amplitudes could be constructed, 



0l = (/rr+2/ 77 +2/r<5n'+^, (24 ) 

J 22'5 



« 2 = 4 / fVT ) + 2[A (2) 4' + /i (2) ^] + 5f^2 5 



~(2) 

where /{ corresponds to a muon form factor identical to an electron one with electron mass 
replaced by that of a muon. The quantities Sfj and Sfj correspond to the emission of one and 
two soft real photons (their energy are restricted by condition Aui + Au 2 < e) off fermion lines 
The corresponding expression is given in Eq. (14). One should take note of the factor 



1/2! in front of the latter quantities that is due to the identity of the soft photons emitted. 

1 We exclude a contribution due to the vacuum polarization, which will be taken into account in what 
follows. 
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The relevant contribution to the differential cross section in logarithmic approximation 
then appears to be, 



a 1 + a 1 = p t P 2 A + pt 
(i-2 ~ ~ 



45 

-— + r + 2C 2 + 6C 3 



+ o(i), 



(25) 



PtPiA + Pt [-6 + F + 5C 2 ] + 0(l), 
Y = 2P 1A Li 2 (1^) - (4C 2 + 14)lnA-81n 2 A, 



quantities Pi ,2 a are defined in (Q). This result is in agreement with RG form of large-angle 
cross section. 

3.2 Hadronic vacuum polarization 

We study vacuum polarization effects occurring while considering vertex FD (see Fig. @b,c). 
To this end, the known expression for hadronic vacuum contribution to the photon Green 
function is used by doing the following substitution, 



1 

k 2 



o_ 7 dM 2 K(M 2 ) 
3tt J 

4mJ 



M 2 k 2 -M 2 ' 



(26) 



where k is the four-momentum of the virtual photon, M 2 is a hadron invariant mass squared 
and the ratio TZ(M 2 ) is given in Eq. (Rl). 

In the next order of PT we must consider the three gauge invariant classes of FD for elastic 
and quasi-elastic processes with a soft photon and a soft pion pair production. At first the 
vertex class is examined. They could be written as 



da 
dan 



1 + (5 S + S v 



F(m 2 ,t) 



. hadr 



dM 2 



^hadr ^ 

67T 2 



[F{m 2 e ,t) + F{ml,t)\, 



(27) 



TZiM^F^t.m 2 ^ 2 



where Pi is the vertex (with hadronic vacuum polarization of virtual photon) contribution to 
the Dirac form factor of a lepton having mass m. The contribution of the Pauli form factor 
P 2 is suppressed by a factor of \m 2 /t\. S^ adr corresponds to soft hadron's emission of soft pion 
pairs. 

A standard calculation with the regularization at t — leads to (for details see App. A): 



Pi(t,m 2 ,M 2 ) = 2 J dx J ydy 



In 



o a ciQ 



d d do 



(2f 



with 



a = a + t[l — y + x(l — x)y 2 }, d = d n — y 2 x(l — x)t, 

a = -m 2 (2-y 2 ), d = y 2 m 2 + (1 - y)M 2 . 



(29) 
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It can be seen that the condition F\ 



t=o 



is satisfied. Here we put two limiting cases for 



Fi. In the case of large hadron invariant mass squared, as compared to —t, it's found to be: 



F!(t,m 2 ,M 2 



M 2 



M 2 



11 



-In h 

3 -t 9 



M > -t, 



(30) 



and for the case of small invariant mass squared: 



F x {t,m 2 ,M 2 



-t 



M 2 



-t 



-t TX 1 



In" —7 - 2 In — In — - 5 In — + — - -, 



m 2 m 2 



-t > M 2 > ml. (31) 



Taking into account the emission of soft pairs (see App. B) we have for hadronic contribution 
radiative correction: 



\ hadr 



a 

6tt 2 



dM 2 



R(M 2 



In 



-6 In 2 



M 2 



- 10 In- 



-t 

M 2 



M 2 



, M 2 
8 In 21nA + 10 



_61n 2 ^ + -7T 2 - 1 



2 
3' 



(32) 



3.3 Leptonic vacuum polarization, soft lepton pairs. 

Next we do a VP-type contribution to the lepton vertex function. Obviously, there are two 
possibilities for a VP blob to be inserted into the lepton vertex function. Then the contribution 
to elastic cross section could be written as, 



> d(J o . 



4 

TV 2 



where 



36' 



12 V 6 



19 



Zi(m e , m e ) + Z 2 {m e , m A 



265 



(33) 



2iK, m e ) = -—pi + — — - L )pf - — 6C 2 + — + 3L 2 - 19L ) p t = f 



36 



6 



pup 



is a contribution of the electron blob inserted into the electron vertex function (for definition 
f vp see flllD) and 



Z 2 (m e ,m^j 



12 V 6 



19 



+ £) ^-ifc + ? + 3I 2 + 63ll 



36 



6 



Pu 



is a muon blob contribution to the electron vertex respectively. 

The similar expression holds for muon vertex function (electron blob contribution for muon 
vertex) : 



1 3 1 

Pt + 



36 



12 V 6 



19 



L Pt 



36 



6C2 + + 3L 2 - 25L) p t , 



Now turn to inelastic process of a soft lepton-antilepton (of mass p obeying 2p <C As <C e) 
pair production. For the differential cross section we obtain: 



da 



up 



a 



da 67T 2 



i L 3 + L 2 (2 In A - |) + L (4 In 2 A - f In A + f - 4( 2 + 2Li 2 (!±£) ) 



,(34) 
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with L defined as L = ln(— t//i 2 ). We assume a muon or an electron to be a scattered lepton, 
consequently the quantity \i stands for the corresponding mass. 

The sum of contributions ( |3"3"D and (53J) doesn't contain cubic powers of large logarithms 
and for the "electron line corrections" is found to be (see 111 111 ) : 



don 



InA 



+ 2 Pt 



17 11 r 2 ,2a 

L + - In A 

12 9 3 



— InA - (2 + -Li 2 
9 S 3 



In case of a muon it appears to be, 



ddn 



a 



7T 



InA 



^ 2 



17 11 r 2 2 a 

1 L + - In A 

12 6 3 



10 1 a j- It- 

— In A - (2 + -Li 2 

9 Si 3 



+ 2 A 

It's seen that the leading terms are in agreement with RG predictions 



1 + c 



1 + c 



(35) 



(36) 



4 Summary 

In this paper we evaluate the Born cross section and the first order RC to it of a process of e/u, 
scattering in the quasi-elastic kinematical situation. The relevant formulae are given in LLA 
in (D||) and with power accuracy in fll6|). 

Among second order contributions we consider gauge- invariant contributions from FD with 
radiative corrections to vertex function of either leptons. Here we also include soft photon 
and pairs emission with energies less than Ae. 

In LLA the results are in agreement with RG. 



The explicit results for virtual and soft real photon emission are given in formulae (|23| , ^5|) . 



For emission of virtual and soft real lepton pairs the relevant formulae are given in (|3~3|,|3"5T) . 



Section |3.2| in this paper is devoted to the determination of the contributions coming from 
the hadronic vacuum polarization, where RC is expressed in terms of explicit integral from the 
experimentally measured quantity R(M 2 ). Also we consider a soft pion pair production (see 
App.B). We calculate the hadronic vacuum polarization contribution to the vertex functions 
of electron or muon explicitly. The relevant formulae for RC are given in fl3~2"|). 

In the forthcoming papers we will consider contributions coming from the last gauge- 
invariant types of contributions, which are eikonal and decorated types of box FD. 

Appendix A. Hadronic vacuum polarization, details 

Let's consider here details of vertex hadron's function calculation. For the vertex function we 
can write down: 

^ = r 1 7 M + r 2 (^7 M -7 M g), (37) 
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where q = p 2 — p 2 and are Dirac and Pauli form-factor. Let's write down vertex function 
as follows, 



V„ = 7 M [ r i + 4mT 2 ] - 2(p 2 + p' 2 )^ 2 = 7^ + (pa + p' 2 )^B, 



where 



A = J ydy \ dx 

+ - 
B = 



2y2p 2 p 2 % 



— d d 

2m 2 y 3 x 2 2y 3 x(l — x) 



+ — (m + p 2 p 2 )-2y\n 



d 



77T 



d 



+ 



d 



-2p 2 p 2 



ydy J dx 



y 



> 2m) + 2m + 
d d 



2y s x 2y i x(l — x) 



d 



2m 



Quantities d, do are defined in Eq. ([291). After a regularization at t = we have: 

1 1 

F l (t,m\M 2 ) = T l -T l \ t=Q = 2 J dx J ydy 







l n ^° _i_ a a ° 
d d do 



(38) 



(39) 



(40) 



The contribution of the Pauli form factor T 2 is proportional to B and therefore is suppressed 
by a factor of \m 2 /t\. 



Appendix B. Soft pion pair production 

The general expression for a soft pion pair production, 

2 / i \ 2 



.1/ 



Mr 



with 



Here g±, e± is four-momentum and energy of 7T 111 , g and go is 4-momenta and energy of soft 
pair. 

Rewriting 



x(g + - ?_), = J U„ - ^ ) 2- 7 vr- 5 (4m 2 - q 2 )Jl - ^. 



one gets, 



M 



M n 



a 



2 (q 2 - 4m 2 ) 3 / 2 f dtt 



An 3 (q 2 ) 3 J \jt 
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where 



Separate contributions, 



dQ q m 2 _ / A 2^ N 



/ 

J At: (piq) 2 \ q 2 

/' 



dVt q p x p 2 _ f dtt q p\p' 2 _ 1 ln 2 / _ ln2 



47r piqp 2 q J An p\qp' 2 q 2 Wq 2 J 

Master integral, 

v y 4vr pigpW Vvr/ Vvr/ 



Soft pion pair production contribution to the invariant mass distribution (both from electron 
and muon blocks emission) has the form: 



M 2 da a 2 



1^ + ^ ^ - + 0(1) 



ctq dM 2 3rc 2 [ M 2 M 2 e 

References 



[3] 
[4] 
[5] 
[6] 
[7 
[8 
[9 
[10 

[11 



G. Boyarkina and O. Boyarkin, Phys. Atom. Nucl. 60 (1997) 601; 
V. Barger, S. Pakwasa and X. Tata, Phys. Lett. B415 (1997) 200. 



A. Arbuzov, E. Kuraev and B. Shaikhatdenov, Mod. Phys. Lett. A13 (1998) 2305; |Eep^ 
ph/9806215| 



E. Glover, J. Tausk and J. van der Bij, Phys. Lett. B516 (2001) 33. 
S. Catani, Phys. Lett. B427 (1998) 161. 

G. Faldt and P. Osland, Nucl. Phys. B413 (1994) 16,64; Erratum-ibid B419 (1994) 404. 

V.A. Smirnov and O.L. Veretin, Nucl. Phys. B566 (2000) 469. 

R. Barbieri, J.A. Mignaco and E. Remiddi, Nuovo Cimento 11A (1972) 824. 

J. Shwinger, Phys. Rev. 76 (1949) 790. 

E.A. Kuraev and V.S. Fadin, Yad. Fiz. 45 (1987) 782. 

A.B. Arbuzov et al, Yad. Fiz. 60 (1997) 673. 

A.B. Arbuzov and E.A. Kuraev, Phys. Part. Nucl. 27 (1996) 510. 



13 



